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A ferroelectric field effect approach is presented for modulating magnetism in the colossal magnetoresistive
oxide La1⫺x Srx MnO3 共LSMO兲. The ferromagnetic Curie temperature of ultrathin LSMO films was shifted by
35 K reversibly using the polarization field of the ferroelectric oxide Pb(Zrx Ti1⫺x )O3 in a field effect structure.
This shift was also observed in magnetoresistance measurements, with the maximum magnetoresistance ratio
at 6 T increasing from 64% to 77%. This model system approach does not introduce substitutional disorder or
structural distortion, demonstrating that regulating the carrier concentration alone changes the magnetic phase
transition temperature and leads to colossal effects.
DOI: 10.1103/PhysRevB.68.134415

PACS number共s兲: 73.50.⫺h, 75.47.Gk

The diverse behavior exhibited by correlated oxides originates from competing interactions, such as strong Coulomb
repulsion and electron-phonon coupling. In the colossal magnetoresistive 共CMR兲 manganites, this competition leads to
strong correlations between the structural, transport, and
magnetic properties. The origin of these correlations, the role
of charge carriers, and their interplay with spin and lattice
degrees of freedom are central issues that are still under
debate.1–3 The complexity of this problem is further increased by the intrinsic inhomogeneity of these materials.
Recent theoretical progress has shown that substitutional
disorder has a significant effect on the critical temperature.4
The correlation between the Curie temperature and the residual resistivity in these materials has been suggested as the
signature of a disordered system.5 It has also been proposed
by Dagotto and co-workers that competing ordered states,
combined with quenched disorder, dominate the macroscopic
colossal effects observed in the transition metal oxides.6 As a
result, experiments with the ability to probe different ordered
states of these materials using the carrier concentration as a
parameter, independent of the complicating effects of substitutional disorder and structural distortion, are required to
clarify the role of charge density in the CMR effect.
In this paper, we present an electrostatic field effect approach to modulate the magnetic transition temperature and
magnetotransport properties of the colossal magnetoresistive
oxide La1⫺x Srx MnO3 共LSMO兲 by reversibly injecting and
removing charge carriers in a field effect structure. This approach does not introduce disorder into the system, demonstrating that at fixed disorder, modulating the carrier concentration alone can lead to colossal effects in correlated oxide
systems.
Doped LaMnO3 共LMO兲 is a prototypical CMR material,
whose electronic properties depend sensitively on carrier
concentration.7 At zero temperature, undoped LMO is a
canted antiferromagnetic 共AF兲 insulator. When doped with
holes via Sr substitution, transitions to ferromagnetic insulating 共FI兲 and ferromagnetic metallic 共FM兲 behavior occur
共Fig. 1兲. The CMR effect is most pronounced near the Curie
temperature (T C ), where for doping levels x between 0.15
and 0.25 holes/unit cell, LSMO undergoes a simultaneous
0163-1829/2003/68共13兲/134415共5兲/$20.00

magnetic and metal-insulator phase transition from a paramagnetic insulating state to a ferromagnetic metallic state
upon cooling. Carrier-induced transitions between different
phases of CMR materials have been achieved using electric
currents, chemical doping, and band-gap engineering of p-n
junction heterostructures.8 –11 These techniques involve structural modification, introduction of disorder, or manipulation
of the band structure, which influence the magnetic properties in ways unrelated to the change in carrier concentration.
For example, by modifying the mean radius 具 r 典 of the dopant
using an isovalent cation, one can control the conduction
bandwidth, thereby changing the transition temperature and
the doping range of the FM phase.7
In this experiment, to provide the electric field that modulates the carrier concentration, we combine LSMO with a
ferroelectric perovskite oxide, Pb(Zrx Ti1⫺x )O3 共PZT兲, in epitaxial thin film heterostructure form 共Fig. 2兲. PZT can supply enormous spontaneous polarization fields, on the order of
15– 45  C/cm2 , larger than the breakdown field of SiO2 . In
thin films, the voltages required to switch between polarization states are on the order of a few volts (⬃1 V/1000 Å).
Recently, electrostatic approaches have been used to investigate a broad range of systems, such as dilute magnetic semiconductors and correlated complex oxides.12–20
One challenge for the field effect approach in CMR materials is the nearly metallic hole-doping levels
(⬃1021 holes/cm3 ) at which ferromagnetism occurs. At
these charge densities, the length over which an applied electric field is screened is on the order of a few atomic spacings.
As a result, ultrathin, atomically smooth CMR heterostructures are required to observe substantial modulation of the
carrier density. Because PZT and LSMO both belong to the
perovskite family of oxides and are thus structurally very
similar, it is possible to realize such heterostructures in epitaxial, single-crystalline form.
To fabricate these structures, we used off-axis magnetron
sputtering. For LSMO, we used a growth temperature of
660 °C and a process gas consisting of ⬃20% O2 and
⬃80% Ar at a pressure of 150 millitorr. The growth conditions for PZT are similar, but with a growth temperature of
⬃500 °C. 21 We first examined the physical properties of
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FIG. 1. Schematic temperature-doping phase diagram for the
La1⫺x Srx MnO3 system, adapted from Ref. 7. PI denotes the paramagnetic insulator, CI the spin canted antiferromagnetic insulator,
FI the ferromagnetic insulator, PM the paramagnetic metal, and FM
the ferromagnetic metal.

single-layer LSMO films. Figure 3共a兲 shows a  –2 diffraction scan taken on a 400 Å thick La0.8Sr0.2MnO3 film deposited on single-crystal 共100兲 SrTiO3 , which reveals
c-axis-oriented growth, with a lattice constant of ⬃3.85 Å.
No other impurity phases are detected. The rocking curve
taken around the 001 reflection has a typical full width at
half maximum of 0.06°. Finite size oscillations around the
001 reflection, as shown in Fig. 3共b兲, are used to determine
the film thickness and calibrate the deposition rate.
The surface quality of LSMO was investigated by atomic
force microscopy 共AFM兲. Figure 4 shows an AFM image of
a 30 Å thick La0.8Sr0.2MnO3 film. The film surface has a
root-mean-square 共rms兲 roughness of 1–2 Å and consists of
atomically flat terraces a few thousand angstroms wide, separated by 2 Å atomic steps. These atomic steps are due to the
slight miscut in the SrTiO3 single-crystal substrate. PZT layers were deposited in situ on the LSMO films, which were
patterned into four-point resistivity paths, and gold electrodes
were
deposited
for
electrical
transport
measurements.22 X-ray diffraction analyses reveal the growth
of c-axis-oriented PZT, for which the polarization is normal
to the surface 共Fig. 5兲.23 The rocking curve taken around the
PZT 001 reflection has a full width at half maximum of

FIG. 2. Schematic view of a PZT/LSMO heterostructure deposited on a SrTiO3 共STO兲 substrate. Gold electrodes are deposited for
electrical transport measurements.

FIG. 3. 共a兲  –2 x-ray diffraction scan taken on a 400 Å thick
La0.8Sr0.2MnO3 film; 共b兲 high-resolution  –2 scan, showing finite
size oscillations around the 001 reflection 共thick line兲, along with a
calculated spectrum for a film with a thickness of 374 Å and a
lattice constant of 3.85 Å 共thin line兲.

⬃0.3°, and the typical rms roughness of the PZT/LSMO
heterostructures is 4 Å.
We next examined the ferroelectric field effect modulation
of the transport properties of the LSMO layer. In Fig. 6, we
plot the resistivity as a function of temperature of a 3000 Å
PZT/40 Å LSMO heterostructure, for the two polarization
states of the ferroelectric. Switching between the two states
is accomplished by applying a ⫾5 V pulse across the PZT
layer. The low resistivity curve corresponds to the polarization state that accumulates holes at the interface between the

FIG. 4. Atomic force microscope image of the surface of a 30 Å
LSMO film. The measured rms surface roughness is 1 to 2 Å. The
image shows a series of terraces spaced a few thousand angstroms
apart with a step height of 2 Å.
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FIG. 5.  –2 x-ray diffraction scan taken on a PZT/LSMO bilayer. The 001 reflection of the ultrathin LSMO layer cannot be
resolved due to overlap with the substrate peak.

PZT and LSMO, thereby increasing the carrier concentration. The high resistivity curve corresponds to the opposite
polarization state, which depletes the LSMO of holes.
Switching between these resistivity states is reversible, and
capacitance-voltage measurements exhibit an asymmetric
butterfly shape due to the ferroelectric hysteresis.
At room temperature, the resistivity ratio of the two states
共defined as  high /  low ) is 1.28. It has been proposed that free
polarons exist at temperatures well above T C , which then
condense into clusters upon cooling at a temperature scale
T * ⬎T C , resulting in coexisting insulating and metallic
phases.24,25 In the polaronic state, the conductivity  is given
by3

共 T 兲⫽

冉

冊

E
 0T 0
,
exp ⫺
T
k BT

x 共 1⫺x 兲 e 2
 0⫽
.
បa

共1兲

Here T 0 is the temperature equivalent of the optical phonon
energy, E  is the activation energy for polaron hopping, and
a is a constant on the order of the interatomic spacing. At
fixed temperature, the conductivity is proportional to the
product of the hole doping per unit cell x and the fractional

FIG. 7. Resistivity vs temperature for 共a兲 the accumulation state
and 共b兲 the depletion state under applied magnetic fields of 0, 1.5, 3,
and 6 T; 共c兲 magnetoresistance ratio as a function of temperature at
6 T for both polarization states. The maximum magnetoresistance
ratios are 64% for the accumulation state and 77% for the depletion
state.

FIG. 6. Resistivity as a function of temperature for the two
polarization states of the PZT layer. The upper curve corresponds to
depletion of holes and is termed the depletion state; the lower curve
corresponds to accumulation of holes and is termed the accumulation state. The resistivity peak temperatures are 165 K and 200 K
for the depletion and accumulation states, respectively.

density of hopping sites (1⫺x). While the applicability of
this relation at room temperature requires detailed knowledge of T * , we find within this picture that the measured
resistivity change is consistent with the charge density modulation induced by a polarization of ⬃30  C/cm2 .
As the temperature is lowered, we observe a transition
from insulating to metallic behavior for both resistivity
states, with the same temperature dependence that is observed in single-layer LSMO films in this doping range.26
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The peak temperatures in the resistivity curves, which coincide with the Curie temperatures, are 200 K for the accumulation state and 165 K for the depletion state.27 The magnitude of the field effect is temperature dependent, but is
roughly constant at temperatures well above T C (⬎270 K).
At 165 K, the resistivity ratio reaches 2.5.
Removing holes from the system decreases the Curie temperature by 35 K, a trend that agrees with the double exchange theory of magnetic ordering, which predicts that T C
is proportional to the carrier concentration.2 Using this relationship, we find that a shift in T C of 35 K corresponds to a
carrier modulation of ⬃20%, consistent with the magnitude
of the ferroelectric polarization. In CMR systems, the Curie
temperature is governed by the competition between the itinerancy of the electrons, which increases with carrier concentration and favors magnetic ordering, and the electronphonon coupling, which localizes the electrons.28,29 This
coupling is strongly affected by structural effects, such as
distortions induced by chemical substitution. The field effect
experiments here do not introduce such defect structures and
show the relationship between changes in itinerancy and
modulation of the transition temperature.
To further investigate the modulation of magnetism by the
field effect, we studied the magnetotransport properties of
these heterostructures. Figures 7共a兲 and 7共b兲 show the resistivity as a function of temperature for the two polarization
states under magnetic fields of 0, 1.5, 3, and 6 T applied
perpendicular to the film surface. The CMR effect is observed for both states, with the maximum magnetoresistance
ratio 共MRR兲 at 6 T occurring at ⬃180 K for the accumulation state and ⬃150 K for the depletion state. „The MRR is
defined as 关 R(0)⫺R(H) 兴 /R(0).… The maximum MRR is
64% in accumulation, and increases to 77% in depletion
关Fig. 7共c兲兴. The shift of the MRR peak temperature confirms
the modulation of the Curie temperature by the field effect,
and the relative magnitudes of the changes in T C and MRR
agree with the universal relation obtained from various manganites using the chemical doping approach.30

The electrostatic modulation here reveals the independent
role of the charge density in the CMR effect, an aspect that
cannot be shown using chemical doping, where substitutional disorder and the charge density of the material are
inextricably linked. In the phase separation scenario of CMR
materials, Dagotto and co-workers and others have proposed
that disorder leads to electronically phase-separated regions
or clusters, with the electronic conduction occurring through
percolation between the clusters.6,25 The transport between
phase-separated regions is sensitive to magnetic fields and
hence results in a colossal magnetoresistance effect. In this
picture, the substitutional disorder plays a central role since
it defines the sizes and density of the phase separated clusters
and hence the magnitude of the CMR effect. In the electrostatic approach here, the level of disorder is untouched, and
the modulation of T C and magnetoresistance arises solely
from changes in the charge density.
In conclusion, we have reversibly modulated the Curie
temperature and magnetoresistance of a perovskite manganite using the polarization field of a ferroelectric, showing that
modulating the carrier density of LSMO alone can lead to
colossal effects. Applying this approach to other correlated
systems can facilitate the study of charge-induced quantum
phase transitions and can also be used to explore new magnetic materials. For example, one can seek metallic behavior
in Mott insulators such as NiO, or ferromagnetic ordering in
other correlated oxides. This approach can also lead to novel
devices, such as magnetic switches based upon the local manipulation of magnetic behavior using electrostatic charge.14
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